Introduction
The asymmetric conjugate addition of cyanide to nitroalkenes to generate the corresponding non-racemic b-nitronitrile (Scheme 1) is a potentially useful route for the synthesis of a range of bi-functional compounds, such as b-amino acids, [1] 1,3-diamines and 1,3-amino alcohols, [2] which have potential bio-chemical and pharmaceutical applications. [3] However, although a wide range of nucleophiles have been used in Michael additions to nitroalkenes, [4] [5] [6] [7] [8] [9] [10] [11] [12] there are relatively few examples of cyanide addition to nitroalkenes reported in the literature. This is surprising given the synthetic versatility of both the nitro and nitrile functional groups and the apparently straightforward synthetic route; however, the reaction is complicated by the tendency of nitroalkenes to polymerise, by the ability of b-nitronitriles to eliminate either hydrogen cyanide [13] or nitrous acid [14] and by the possibility of the reaction occurring by either an anionic or radical-anion mechanism. [15] Synthetic conditions for the non-stereo-controlled addition of alkali metal cyanides to nitroalkenes were developed as long ago as 1947. [16] In addition to alkali metal cyanides, acetone cyanohydrin [2] or trimethylsilyl cyanide [17] can also be used as the cyanide source. b-Nitronitriles can also be prepared by other methods that include the reaction of a-bromonitriles with nitronate anions [18] and the conjugate addition of formaldehyde dimethylhydrazone to nitroalkenes followed by oxidation to the nitrile by using magnesium monoperoxyphthalate. [19] The conjugate addition of cyanide to chiral nitroalkenes is known to occur diastereoselectively, [20] [21] [22] however, there are only three reported examples of chiral catalysts for the enantioselective addition of cyanide to nitroalkenes. [1, 13, 23] In 2008, Ricci and co-workers reported that quaternary ammonium salts obtained from cinchona alkaloids catalyse the asymmetric addition of cyanide from acetone cyanohydrin to b,b-di-substituted nitroalkenes under phase-transfer conditions to give b-nitronitriles with up to 72 % ee. [13] Subsequently, Lassaletta and co-workers showed that a thiourea-substituted cinchona alkaloid quaternary ammonium salt with a cyanide counter-ion catalyses the asymmetric addition of trimethylsilyl cyanide to nitroalkenes with up to 86 % ee. [23] The first metal-based catalyst for asymmetric b-nitronitrile synthesis was reported in 2012 by Wang and co-workers. [1] It was shown that the in situ formed complex of salen ligand 1 ( Figure 1 ) and titanium tetraisopropoxide catalyses the asymmetric addition of trimethylsilyl cyanide to nitroalkenes to give products with up to 84 % ee. However, it was necessary to use 20 mol % of the catalyst at À40 to À15 8C.
We have previously reported that the same combination of 1 and titanium tetraisopropoxide catalyses the asymmetric addition of trimethylsilyl cyanide to aldehydes (Scheme 2). [24, 25] It
Structurally well-defined bimetallic titanium(IV) (salen) and monometallic vanadium(V) (salen) complexes have been used as catalysts for the asymmetric addition of trimethylsilyl cyanide to b-nitroalkenes to produce chiral nitronitriles with ee values in the range of 79-89 % and conversions up to 100 % at 0 8C. The reaction conditions (solvent, temperature, time and vanadium complex counter-ion) were optimised, and it was shown that the catalyst loading could be significantly reduced (20 to 2 mol %) and the reaction temperature increased (À40 to 0 8C) compared to previous studies that used an in situ prepared catalyst. The results are compared and contrasted with previous results obtained by using the same catalysts for the asymmetric addition of trimethylsilyl cyanide to aldehydes, and a transition-state structure for the asymmetric addition of trimethylsilyl cyanide to nitroalkenes is proposed to account for the observed stereochemistry. 
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was also necessary to use 20 mol % of the catalyst at low temperatures to obtain good enantioselectivities in this reaction. Subsequently, we were able to prepare, isolate and structurally characterise the titanium(salen) dichloride complex 2, which was a much more active catalyst for asymmetric cyanohydrin synthesis. [26] Mechanistic studies [27] showed that the active species in both of these systems was actually the bi-metallic complex 3 and just 0.1 mol % of 3 was able to catalyse the asymmetric addition of trimethylsilyl cyanide to aldehydes in less than one hour at room temperature. [28, 29] Based on the mechanistic information obtained with titanium complexes, [27, 30] we were able to develop vanadium(V)(salen) complexes 4 as even more enantioselective catalysts for the asymmetric addition of trimethylsilyl cyanide to aldehydes. [29] [30] [31] [32] [33] [34] [35] In view of this precedent, we decided to investigate whether structurally well-defined metal(salen) complexes 3 and 4 might form highly active and enantioselective catalysts for the asymmetric addition of trimethylsilyl cyanide to nitroalkenes and in this paper we report the results of this work.
Results and Discussion
The reaction between nitroalkene 5 a and trimethylsilyl cyanide (Scheme 3) was used for a screening study of the catalysts and reaction conditions, and the results are presented in Table 1 . Titanium-based catalyst 3 and vanadium(V) catalyst 4 a have been previously found to be the most active catalysts for asymmetric cyanohydrin synthesis, [28] [29] [30] [31] [32] [33] [34] [35] so they were used for this study. Catalyst 3 is an active catalyst for this reaction, and 100 % conversion of nitroalkene 5 a into nitronitrile 6 a with 62 % ee could be obtained at room temperature by using just 1 mol % of the catalyst with dichloromethane as the solvent (Table 1 , entry 1). Under the same conditions, 4 a was less reactive, but more enantioselective (entry 2); a trend that mirrors that seen in asymmetric cyanohydrin synthesis. [28] [29] [30] [31] [32] [33] [34] [35] The absolute configuration of 6 a was determined as S if using catalyst 3 or 4 a derived from (R,R)-salen ligand 1 by comparison of both the sign of its specific rotation and its chiral HPLC peak intensities with those reported in the literature. [1] Thus, the structurally defined catalysts 3 and 4 a give the same sense of asymmetric induction as the catalyst prepared in situ from 1 and titanium tetraisopropoxide. [1] Lowering the reaction temperature to 0 8C resulted in an increase in the enantioselectivity if using 3 (entry 3), and increasing the amount of catalyst used to 2 mol % increased both the conversion and enantioselectivity obtained with both catalysts (entries 4 and 5). Further lowering the reaction temperature to À20 8C using catalyst 3 had a detrimental effect on the conversion, though the enantioselectivity increased further (entry 6). Increasing the amount of catalyst 3 to 5 mol % at room temperature or 0 8C significantly increased the rate of reaction but did not increase the enantioselectivity (entries 7 and 8).
Although dichloromethane had been previously found to be the optimal solvent for asymmetric cyanohydrin synthesis catalysed by 3 and 4 a, [28] [29] [30] [31] [32] [33] [34] [35] Wang and co-workers showed that toluene was the optimal solvent for nitronitrile synthesis catalysed by the titanium complex of 1.
[1] Therefore, the use of 3 and 4 a in toluene was investigated. Reactions catalysed by 3 in toluene were slower than those in dichloromethane but more enantioselective (cf. Table 1 , entries 4 and 9). By extend- [a] Conversion determined by 1 H NMR spectroscopy of the un-purified product.
[b] ee determined by chiral HPLC; n.d. = not determined. Absolute configuration determined by comparison of the specific rotation and HPLC peak intensities with literature data. ing the reaction time to 24 h, the conversion increased to close to quantitative (entry 10), and increasing the amount of catalyst used to 3 mol % further increased the enantiomeric excess (ee) of the product to 88 % (entry 11). An attempt to lower the reaction temperature to À20 8C in toluene resulted in no reaction, even if 5 mol % of 3 was used with a reaction time of 72 h (entry 12).
In view of the lower intrinsic reactivity of 4 a, its concentration was increased to 3 mol % in toluene, and at 0 8C this gave a good conversion to 6 a with 83 % ee (entry 13). For asymmetric cyanohydrin synthesis catalysed by 4, the structure of the anion significantly influences the catalytic activity, though not the enantioselectivity. The best results were obtained by using complexes with a nucleophilic counter-ion that was capable of acting as a Lewis base to activate the trimethylsilyl cyanide. [30, 32, 33, 35] Therefore, 4 b-f were screened as catalysts for the synthesis of 6 a under the conditions of Table 1 
The conditions of Table 1 , entry 10 were taken as optimal for catalyst 3 (although the conditions of Table 1 , entry 11 give the product with a slightly higher ee, this was at the expense of a 50 % increase in the amount of catalyst used), and the conditions of Table 1 , entry 13 as optimal for catalyst 4 a. These conditions were then used for the asymmetric synthesis of nitronitriles 6 b-f ( Table 2 ). The results were consistent both between the various nitroalkenes and between catalysts 3 and 4 a. In all cases, nitronitriles were obtained with ee values of 80-89 %, and the reactions catalysed by 3 generally gave slightly higher conversions, so these reactions were worked up and the products purified to give isolated chemical yields of 77-93 %. Attempts to extend the chemistry to 2-nitrostyrene 7 were unsuccessful, consistent with the report of Wang and co-workers that only aliphatic nitroalkenes were substrates for the 1/titanium tetraisopropoxide catalytic system.
[1] The 1,2-di-substituted nitroalkene (E)-2-cyclohexyl-1-methyl-nitroethene (8) also failed to react with trimethylsilyl cyanide in the presence of 3 or 4 a. The absolute configurations of 6 a,c-f were shown to be S by comparison of both specific rotation and chiral HPLC peak intensities with literature data. [1, 40] Compound 6 b has not been prepared before, but is assumed to have an S configuration based on the order of elution of its HPLC peaks and by analogy with 6 a,c-f.
It is informative to compare the stereochemical outcomes of the use of 3 and 4 a as catalysts for asymmetric cyanohydrin synthesis and nitronitrile synthesis. Extensive mechanistic work [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] on the use of 3 and 4 a as catalysts for asymmetric cyanohydrin synthesis has resulted in the transition-state model shown in Figure 2 , [27, 33] which shows that (for complexes derived from the (R,R)-salen ligand) cyanide addition occurs selectively on the re face of the coordinated aldehyde to lead to the (S)-cyanohydrin trimethylsilyl ether. In contrast, the results presented in this work show that the same complexes will catalyse the formation of (S)-nitronitriles, which requires cyanide addition to occur on the si face of the coordinated alkene. The opposite result would have been predicted had the nitroalkene simply coordinated to catalysts 3 and 4 a in the same way as the aldehyde shown in Figure 2 . More work is needed to fully elucidate the mechanism of this reaction and the origin of the asymmetric induction, but it is possible that the nitro group acts as a bidentate ligand to bridge the two metal ions. This would be analogous to the mechanism proposed for a cinchona-thiourea-based catalyst for the asymmetric addition of trimethylsilyl cyanide to nitroalkenes. [23] A possible transition state is shown in Figure 3 . In this structure, the orientation of the nitroalkene is determined by the stepped conformation [36] of the salen ligands. This also results in the reaction of cyanide on the si face of the coordinated nitroalkene, which is less hindered than the reaction on the re face.
Conclusions
By using pre-formed and structurally well-defined metal(salen) complexes, it is possible to significantly enhance the catalytic activity shown by metal(salen) complexes in the asymmetric addition of trimethylsilyl cyanide to aliphatic nitroalkenes. The literature procedure that used an in situ prepared catalyst obtained from 1 and titanium tetraisopropoxide required the use www.chemcatchem.org of 20 mol % of the catalyst at À40 rising to À15 8C. In contrast, just 2 mol % of catalyst 3 was able to achieve similar yields and enantioselectivities at 0 8C. Complexes 4 a-f are the first vanadium-based catalysts to be reported for this reaction and the most active catalyst (4 a) was almost as active and just as enantioselective as titanium-based 3, and 3 mol % of catalyst 4 a at 0 8C gave the optimal conversions and enantioselectivities.
Experimental Section
Catalysts 3 and 4 a-f were prepared as previously reported. [32, 33, 37] Nitroalkenes 5 a-f were prepared by a tert-BuOK catalysed Henry reaction between the appropriate aldehyde and nitromethane followed by dehydration with Al 2 O 3 . [38, 39] All other compounds were commercially available and used as supplied. 1 H and 13 C NMR spectra were recorded in CDCl 3 at 25 8C by using a Bruker Avance300 spectrometer operating at 300 or 75 MHz, respectively, or a JEOL400 spectrometer operating at 400 or 100 MHz, respectively. Chemical shifts are quoted in ppm relative to tetramethylsilane. Mass spectra were measured by using a Waters LCT Premier LC-MS spectrometer. IR spectra were recorded by using a Varian 800 FTIR instrument. Melting points were determined by using a Stuart SMP3 system. Optical rotations were recorded in CHCl 3 by using a Polaar 2001 Optical Activity automatic polarimeter and are reported as [a] 20 D (concentration in g/100 mL). Enantiomeric excess values were determined by chiral HPLC by using ChiralPak OD or AD columns with a Varian Prostar HPLC apparatus with UV detection at 215 nm. Flash column chromatography was performed by using silica gel.
General procedure for synthesis of racemic nitronitriles 6 a-f: To a solution of nitroalkene 5 a-f and achiral titanium(salen) complex [40] analogous to 3 but derived from ethylenediamine (1 mol %) in CH 2 Cl 2 (2 mL) was added Me 3 SiCN (1.2 equiv.). The reaction mixture was stirred at RT for 18 h, then the reaction was quenched with aqueous NaHCO 3 and extracted with CH 2 Cl 2 (3 10 mL). The combined organic layers were dried (MgSO 4 ), and the solvent was removed under reduced pressure to leave an orange/yellow oil. This was dissolved in Et 2 O (5 mL) and filtered through silica eluting with Et 2 O (50 mL) to remove the catalyst. The eluent was evaporated under reduced pressure to give racemic samples of 6 a-f.
(S)-2-Cyclohexyl-3-nitropropanonitrile (6 a): [1] To a solution of nitroalkene 5 a (120 mg, 0.77 mmol) and catalyst 3 (18.8 mg 0.015 mmol) in toluene (2 mL) at 0 8C was added Me 3 SiCN (0.15 mL, 1.16 mmol). The reaction mixture was stirred at 0 8C for 24 h, then the reaction was quenched with aqueous NaHCO 3 and extracted with CH 2 Cl 2 (3 10 mL). The combined organic layers were dried (MgSO 4 ), and the solvent was removed under reduced pressure to leave an orange/yellow oil, which was purified by flash column chromatography (petroleum ether/ethyl acetate 95:5) to give 6 a (118 mg, 84 %) as a yellow oil with 83 % ee determined by chiral HPLC (using an OD column with hexane/iPrOH = 95:5 at a flow rate of 1.0 mL min À1 ). R t(major) = 31. (S)-3-Methyl-2-(nitromethyl)butanonitrile (6 c): [1] To a solution of nitroalkene 5 c (90 mg, 0.78 mmol) and catalyst 3 (19.0 mg, 0.016 mmol) in toluene (2 mL) at 0 8C was added Me 3 SiCN (0.12 mL, 0.94 mmol). The reaction mixture was stirred at 0 8C for 24 h, then the reaction was quenched with aqueous NaHCO 3 and extracted with CH 2 Cl 2 (3 10 mL). The combined organic layers were dried (MgSO 4 ), and the solvent was removed under reduced pressure to leave an orange/yellow oil, which was purified by flash column chromatography (petroleum ether/ethyl acetate 95:5) to give 6 c (100 mg, 90 %) as a yellow oil with 86 % ee determined by chiral HPLC (using an OD column with hexane/iPrOH = 95:5 at a flow rate of 1.0 mL min À1 ). R t(major) = 33. (S)-2-(Nitromethyl)hexanonitrile (6 e): [1] To a solution of nitroalkene 5 e (68 mg, 0.53 mmol) and catalyst 3 (9.6 mg, 0.0079 mmol) in toluene (2 mL) at 0 8C was added Me 3 SiCN (0.06 mL, 0.47 mmol). The reaction mixture was stirred at 0 8C for 24 h, then the reaction was quenched with aqueous NaHCO 3 and extracted with CH 2 Cl 2 (3 10 mL). The combined organic layers were dried (MgSO 4 ), and the solvent was removed under reduced pressure to leave an orange/yellow oil, which was purified by flash column chromatography (petroleum ether/ethyl acetate 95:5) to give 6 e (67 mg, 81 %) as a yellow oil with 89 % ee determined by chiral HPLC (using an OD column with hexane/iPrOH = 95:5 at a flow rate of 1.0 mL min À1 ). R t(major) = 31. (S)-2-(Nitromethyl)butanonitrile (6 f): [41] To a solution of nitroalkene 5 f (58 mg, 0.57 mmol) and catalyst 3 (13.9 mg, 0.011 mmol) in toluene (2 mL) at 0 8C was added Me 3 SiCN (0.1 mL, 0.85 mmol). The reaction mixture was stirred at 0 8C for 24 h, then the reaction was quenched with aqueous NaHCO 3 and extracted with CH 2 Cl 2 (3 10 mL). The combined organic layers were dried (MgSO 4 ) and the solvent was removed under reduced pressure to leave an orange/yellow oil, which was purified by flash column chromatography (petroleum ether/ethyl acetate 95:5) to give 6 f (68 mg, 93 %) as a yellow oil with 85 % ee determined by chiral HPLC (using an OD column with hexane/iPrOH = 98:2 at a flow rate of 1.5 mL min À1 ). R t(major) = 43.5 min, R t(minor) = 49. 
